ABSTRACT Lameness in broiler chickens is a significant animal welfare and financial issue. Bacterial chondronecrosis with osteomyelitis (BCO) leading to lameness can be enhanced by rearing young broilers on wire flooring. Using the wire floor system, we identified Staphylococcus agnetis as the predominant isolate in BCO of the proximal tibiae and femora, and blood of lame broilers. Administration of S. agnetis isolates in water can induce lameness. We now report that the wire floor system increases bacterial translocation into the blood stream. We have also determined that approximately 10 5 CFU/mL is the minimum effective dose in the drinking water and that challenge at 10, 20, or 30 days of age produces similar incidences of lameness. BCO isolates of S. agnetis are much more effective than other Staphylococcus species and can overwhelm the protective effects of some commercial probiotics. Finally, we also demonstrated that the BCO lameness induced by administration of S. agnetis in the drinking water is transmissible to unchallenged broilers in the same pen.
INTRODUCTION
Lameness is a significant animal welfare issue resulting in annual losses of millions of dollars in the broiler industry. Growth on elevated wire flooring has been shown to induce lameness at high incidences in broilers (Wideman et al., 2012 (Wideman et al., , 2014 Wideman and Prisby, 2013; Wideman, 2016) . Lameness in this model is predominantly associated with bacterial chondronecrosis with osteomyelitis (BCO) of the proximal tibiae and femora (Wideman et al., 2012 Wideman and Prisby, 2013; Wideman, 2016) . Although all broiler lines tested have been shown to be susceptible, there may be some line differences and sire-effects (Wideman et al., , 2014 . A model has been described for BCO susceptibility based on the vasculature and growth plate dynamics (Wideman and Prisby, 2013; Wideman, 2016) . We recently reported that the predominant isolates from BCO lesions using the wire floor model on our research farm is Staphylococcus agnetis and that BCO is sometimes associated with a significant bacteremia (Al-Rubaye et al., 2015) . We have published the complete genome sequence for a BCO isolate, and demonstrated that administration of this isolate in the drinking water increases incidence of lameness (Al-Rubaye et al., 2015) . We now report further investigations on the BCO lameness model including: i) translocation of bacteria into the blood for birds on litter or wire flooring; ii) timing and quantity for challenge with S. agnetis in the water; iii) effects of probiotics on challenged birds; iv) comparison of different Staphylococcus species for inducing BCO; and v) evidence for transmission of BCO-inducing pathogens within a flock.
MATERIALS AND METHODS

Animal Welfare
All animal procedures were approved (protocols 14005, and 15043) by the University of Arkansas Institutional Animal Care and Use Committee to ensure compliance with all applicable provisions of the United States of America Animal Welfare Act and other federal statutes and regulations relating to the use of live vertebrate animals in research and teaching. Broilers purposefully avoid exhibiting overt symptoms of lameness in order to avoid being victimized by the predatory behavior of their flock mates. Fast growing and clinically healthy broilers showing no apparent gait abnormalities nevertheless can, within 24 hours, exhibit early symptoms of lameness (hesitancy to stand, eagerness 332 to sit, slight wing-tip dipping). Accordingly, to minimize the birds' distress, beginning on d 15 and continuing through d 56 all birds were "walked" (encouraged to walk by gentle prodding or herding with a common kitchen broom) on a daily basis and observed for reticence to move (Wideman et al., 2012; Wideman and Prisby, 2013; Al-Rubaye et al., 2015; Wideman, 2016) . Birds were humanely euthanized as soon as they exhibited the earliest symptoms of lameness and necropsied to verify BCO lesions (femoral and/or tibial head necrosis). Only birds that presented with specific lesions were scored as lame. Percent cumulative lameness for each pen was (total lame from pen)/(birds in pen on d 15). Percent cumulative lameness for a treatment was (total lame for treatment)/(total birds in treatment group on d 15).
Gallus Gallus Pathogenicity Model for BCO
Male boiler chicks were obtained at 1 doa (days of age) from a local commercial hatchery. Chicks were placed at 60 or 70 per pen and then culled to either 50 or 60 of the clinically healthiest chicks (depending on experimental design) per pen on day 15. Pen flooring was either shaved wood litter or the wire floor model developed by R. F. Wideman and colleagues (Wideman et al., 2012 (Wideman et al., , 2014 . Pen conformation, bird densities, food and water (ad libitum), heating, and lighting were as described (Wideman et al., 2012 (Wideman et al., , 2014 Al-Rubaye et al., 2015) . Bacterial administration in drinking water, sampling of blood and BCO lesions were as described (Al-Rubaye et al., 2015) . Treatment affects were evaluated for significant differences (P < 0.05) according to a logistic regression (binomial distribution) using the GLM procedure implemented in R-3.3.1 (R Foundation for Statistical Computing).
Assessment of Bacteremia and Bacterial Species Identification
Blood or BCO lesion swabs were spread on CHROMagar Orientation (DRG International, Springfield, NJ) and incubated overnight at 37
• C. Total colonies and colony color were scored. Individual colonies were re-streaked on fresh plates. Individual isolates were sampled with a sterile toothpick into 50 μL of sterile H 2 O in 200 μL PCR plates, sealed and incubated at 100
• C for 15 minutes then cooled to 4 • C. Initial screening was by quantitative PCR-High Resolution Melt (qPCR-HRM) (Ajitkumar et al., 2013) for the rDNA 16S V2 region to specifically identify S. agnetis based on initial colony color and qPCR-HRM melt curve. Primers were Bac16Sv2R 5 -CGATCR-CCCTYTCAGGTCGGCT-3 and Bac16Sv2F 5 -GCGRACGGSTGAGTAACACGTG-3 . PCR mixtures were 20 μL including 1 × Taq-Buffer (50 mM Tris-Cl pH 8.3, 1.2 mM MgCl 2 , 30 μg/mL of BSA), 1 × EvaGreen Dye (Biotium, Hayward, CA), 0.2 mM dNTP, 0.2 μM each primer, 2.5 units of Taq polymerase, and 1 μL of DNA. PCR programming was 90
• C for 30 s, 5 cycles of 90 • C for 15 s, 71.5
• C for 15 s, and 72
• C for 60 s, followed by 30 cycles using the same parameters with a plate read after each cycle. High Resolution Melt followed with 72
• C for 180 s, 95
• C for 60 s, 65
• C for 180 s, then a melt from 75 • C to 90
• C with a step of 0.1 • C for 5 s and plate read. The qPCR-HRM was performed in a CFX96 (Bio-Rad Laboratories, Inc., Richmond, CA). Isolates which were not S. agnetis based on colony color or qPCR-HRM were identified to species by PCR sequencing of the entire 16S V1-V5 region as described previously (Al-Rubaye et al., 2015) .
RESULTS
Translocation of Bacteria Into the Blood
Wideman (Wideman et al., 2012; Wideman and Prisby, 2013; Wideman, 2016) had proposed that the wire flooring model for inducing lameness comprised two separate steps which subsequently led to BCO and lameness. Growth on the wire flooring was hypothesized to lead to bacterial translocation into the blood, and subsequent colonization of the growth plates of the rapidly dividing proximal femora and tibiae. We first sought to test this hypothesis by evaluating whether we could detect particular species of bacteria in the blood at various times for broilers raised from 1 to 56 doa either on litter (L56) or on wire (W56). We also included another group that was raised on litter through d 35 and then transferred to wire through d 56 (L35W). We have previously shown that by d 56 many lame birds induced by wire challenge have significant titers of viable S. agnetis in their blood and that we can also isolate S. agnetis from blood from some apparently healthy birds at d 56 (Al-Rubaye et al., 2015) . This experiment was designed to determine if S. agnetis or other bacteria were present at earlier time points and if S. agnetis was the predominant isolate from blood from lame birds reared on litter, wire or transitioned from litter to wire. Examination of the cumulative percent lameness (Figure 1) shows that birds on wire have a high rate of lameness, relative to those on litter, and the L35W (on litter through d 35) birds are slightly delayed in the age of onset of lameness but still achieve a higher percentage of lameness relative to those on litter. At 14, 30, 41, and 49 doa we aseptically sampled blood from 5 birds randomly selected from each of four pens for each treatment (collected birds were marked so they would be sampled for only one timepoint). At 41, 49, and 56 doa we collected blood from lame birds. Table 1 by d 49 the number of colonies increases in the blood of birds from both the litter and wire flooring pens, and the birds from wire flooring pens (L35W or W56) have approximately 10 times more colonies in their blood than the birds from pens with litter floors. In addition to the difference in colony counts for the healthy birds, the other major difference between the birds on litter vs. wire flooring, is the species present in blood. At d 49, for the healthy birds, 70% of those on litter had detectable bacteria in their blood that were not S. agnetis and none had detectable S. agnetis. At the same d 49, about half of the healthy birds on wire flooring were positive for bacteria but there were approximately equal percentages that were positive for S. agnetis as were positive for other species. This was independent of whether or not they were on litter through d 35 (L35W vs. W56). What these data do not show, is that the healthy birds on wire that were positive for S. agnetis had a higher number of colonies. The numbers of colonies from individual birds varied from a few to a few hundred per 0.1 mL sample of blood.
For the lame birds which were sampled at 41, 49, and 56 doa we generally see higher average numbers of colonies than for the healthy birds, and there are more colonies from blood for the birds on wire than on litter (Table 1) . Even though there were very few lame birds among those grown on litter (total 7), three were positive for S. agnetis in their blood and one was positive for another species so 3 of seven lame birds grown on litter were positive for S. agnetis in their blood but the average number of colonies per 0.1 mL was 11.7. Overall the lame birds on wire had higher average numbers of colonies (57.3 for L35W and 94.5 for W56). But interestingly, the average number of colonies from 0.1 mL of blood for lame birds on d 56 that were positive for S. agnetis was 71.4, while those positive for another bacterial species was 81.7. Therefore, it is not just S. agnetis that contributes to the bacteremia associated with BCO lameness. However, these colony averages are only for those birds that were positive for bacteria in their blood. When we look at the percentage of birds sampled that are positive for S. agnetis in their blood versus the percentage of birds positive for other bacteria ( 
Challenge with Staphylococcus agnetis
Previously, we had shown that for birds on wire we could increase total percent lameness by administering a BCO isolate for S. agnetis in the drinking water at approximately 10 7 CFU/mL in two, two day treatments beginning at 10 and 20 doa, relative to no challenge or challenge with an isolate of Enterococcus faecalis (Al-Rubaye et al., 2015) . We sought to determine the minimum effective drinking water dose for a challenge with the same S. agnetis isolate (designated 908) at 0 or 10 3 to 10 7 CFU/mL for two days at 5 and 15 doa, two pens per treatment. The cumulative % lameness is presented in Figure 2 . Lameness appeared to accumulate faster for the 10 5 CFU/mL but by 56 doa the cumulative lameness for ≥10 5 CFU/mL were statistically the same and significantly different from the challenges with <10 5 CFU/mL. There were only 2 pens of 50 birds per treatment group so the data are not statistically robust. We should also note that beginning with this experiment we suspected environmental sources for opportunistic bacteria, so water sources and water delivery systems were rinsed with dilute bleach and flushed with tap water prior to the experiment. It is important to note that the final percent lameness for the pens challenged with ≤10 4 CFU/mL are lower than the unchallenged birds for the W56 treatment in Figure 1 . In all experiments there could be a difference in "environmental prevalence" of the pathogen especially when the bacterium is being administered to some pens in the same facility. From the experiment in Figure 2 we concluded that the minimum effective dose was approximately 10 5 CFU/mL, and used this level in all subsequent challenge experiments. We next examined whether the age of the bird when challenged with S. agnetis in drinking water affected lameness incidence. Birds on wire were administered S. agnetis at 10 5 CFU/mL for two days beginning on either 10, 20, or 30 doa. Note that in in this experiment there was only one administration for two days whereas in previous experiments the birds had received two administrations for two days. Cumulative % lameness for two pens for each bacterial treatment (only a single control, no bacterial challenge pen) is plotted in Figure 3 . There was little Challenge with S. agnetis in drinking water overcomes the protective effect of probiotics previously found to reduce lameness in the wire-flooring system. Cumulative percent lameness (y-axis) is plotted for broilers reared on wire flooring without (Control) and with probiotic in the Feed or drinking Water. The probiotic used had previously been found to reduce lameness for broilers raised on wire flooring (Wideman et al., 2012 (Wideman et al., , 2015a . The probiotic formulations were administered throughout the entire 56 days. difference in the onset of lameness or the final percent lameness although the d 20 challenge may have been slightly higher. Therefore, we used a two day challenge with 10 5 CFU/mL at 20 doa for all subsequent experiments.
S. agnetis Challenge Plus Probiotics
Previous work with the wire flooring model had shown that some commercial probiotics can reduce incidence of lameness (Wideman et al., 2012; Wideman et al., 2015a) . We asked whether those same probiotics either administered in feed or in the drinking water could reduce incidence of lameness when the birds are challenged with S. agnetis in the drinking water under our standard conditions. Cumulative percent lameness for the control (no probiotic) or either formulation of the probiotic had the same overall time course and final lameness (Figure 4) . It is important to note that the probiotic administration began with 1 doa and continued through 56 doa. We conclude that when we specifically challenge the birds with an effective dose of S. agnetis the challenge overwhelms the protective effect of the probiotic.
Challenge with Different Staphylococcus Species
Previously we identified other species of Staphylococcus that could be occasionally isolated from BCO lesions of lame birds, but S. agnetis was the most prevalent (>80%) isolate (Al-Rubaye et al., 2015) . Therefore, we asked whether two other isolates from BCO lesions, S. saprophyticus, or S. epidermidis, could also induce lameness to the same extent as S. agnetis when administered at the same concentration and at the same time. The cumulative percent lameness for all three species are presented in Figure 5 . In this experiment we noted that the "control" of unchallenged birds was nearly as effective as the S. agnetis challenge but the other two species of Staphylococcus were less effective than the S. agnetis and less than the unchallenged so they appear to have possibly a protective effect against the "natural" acquisition from the building environs. We suspect the high incidence in the control may reflect an increasing environmental load of the specific pathogen and will discuss this further below.
Pathogen Transmission within a Pen
Anecdotally, we had noticed in previous experiments where there was no bacterial challenge that some pens would "break" with lameness earlier leading to a significantly higher lameness incidence in that pen. Therefore, we suspected that the infectious or predisposing agent was communicable. Therefore, we devised a test for whether the S. agnetis challenge could result in communicable susceptibility to lameness. The design was to challenge a group of birds with S. agnetis in their drinking water and then at a later time point mix those challenged birds with unchallenged birds. We then recorded cumulative percent lameness for unchallenged birds, challenged birds, challenged birds mixed with unchallenged birds, and unchallenged birds mixed with challenged birds. The results are presented in Figure 6 . There were 4 pens of unchallenged and challenged (n = 200 in each), and 12 pens that after the mixing were 50:50 challenged and unchallenged birds. The cumulative lameness plots show that both the challenged (C+) and challenged-mixed (Y) had indistinguishable lameness incidence as did the unchallengedmixed (N). All three of these groups were significantly different (P < 0.0001) from the unchallenged without mixing (C-). Therefore, the challenged birds appear to be able to transmit the S. agnetis to their pen mates thus inducing lameness.
DISCUSSION
Rearing young broilers on suspended wire flooring has been shown to increase the incidence of BCO (Wideman et al., 2012 (Wideman et al., , 2014 (Wideman et al., , 2015a Wideman and Prisby, 2013; Al-Rubaye et al., 2015; Wideman, 2016) . The instability of the flooring is postulated to lead to microfractures in the rapidly growing growth plate leading to colonization by hematogenous bacteria. Presumably, the stress of an unnatural flooring facilitates this colonization through increased translocation of bacteria from the gut to the blood and/or reduced immune system function. We have previously shown that S. agnetis is the predominant isolate we can culture from BCO lesions induced with the wire floor model on our research farm. We have now shown that birds raised on litter or on wire flooring can have detectable levels of bacteria in their blood beginning around 30 doa, but the number of viable bacteria is significantly higher in birds on wire flooring (Table 1) . The number of viable bacteria increases with age. By 49 doa we were able to culture bacteria from 0.1 mL of blood from 70% of apparently healthy birds on litter but the number of bacteria was low. Healthy birds on wire had about the same overall frequency of positive for cultural bacteria, but the average number of colonies was about 10-fold higher. Our data are consistent with the hypothesis that stress attributable to the wire floor system leads to increased leakage (translocation) of bacteria, primarily Staphylococcus species, into the blood system. We assume that all of these would have opportunity to colonize the growth plate but our data indicate that starting around 49 doa we see a sharp rise in the prevalence of S. agnetis even in the apparently healthy birds. We believe that the S. agnetis we isolate may have a competitive advantage in either colonization or immune avoidance and thus comes to predominate with the onset of advanced BCO and lameness. It is important to note that by 49 doa for the birds on wire flooring, even the apparently healthy birds are likely to have early stages of BCO. Necropsy data at d 56 of remaining apparently healthy birds confirms that nearly all birds have one or more compromised proximal tibial or femoral head. We have shown that administration of a isolate of S. agnetis obtained from a BCO lesion on our research farm can induce lameness, and we have demonstrated that the minimum effective dose is around 10 5 CFU/mL and can be administered at either 10, 20, or 30 doa with little difference in overall percent lameness. This suggests that S. agnetis is likely to colonize some region of the gut and persist until later stages when it translocates across the gut epithelium into the blood and disseminates to the growth plates of the rapidly growing leg bones. Although particular probiotics were able to reduce lameness in the wire flooring system (Wideman et al., 2012; Wideman et al., 2015a) , we have found that direct challenge with the minimum effective dose of S. agnetis overwhelms this protective effect. Therefore, the probiotic bacteria were not able to competitively exclude this chicken isolate when delivered at effective challenge dosages. Surprisingly, when we sought to determine whether other Staphylococcus species obtained from lame birds could also induce lameness we observed that isolates of S. saprophyticus or S. epidermidis appeared to reduce lameness relative to the control, unchallenged treatment group ( Figure 5) . We have also shown that the induction of lameness by challenge with S. agnetis is communicable to pen-mates ( Figure 6 ). Since S. agnetis DNA sequences have been reported from the gut contents of sheep scab mites (Hogg and Lehane, 1999) we examined broilers reared on wire on our research farm for mites and were unable to find any using standard collection methods. Therefore, the vector for dissemination to pen mates may be direct contact, contamination of the nipple waterers by exposed birds, or shedding from those that are experiencing early bacteremia associated with BCO progression.
A major question is whether these findings are relevant to BCO lameness in the broiler industry. Previous reports regarding species isolated from BCO lesions, include Staphylococcus aureus, Staphylococcus spp., Escherichia coli, and Enterococcus cecorum, sometimes as mixed cultures of different species (Andreasen et al., 1993; Butterworth, 1999; Dinev, 2009; Joiner et al., 2005; Kense and Landman, 2011; Martin et al., 2011; McNamee et al., 1998; Nairn and Watson, 1972; Smeltzer and Gillaspy, 2000; Smith, 1954; Stalker et al., 2010; Tate et al., 1993; Thorp et al., 1993) . No one has reported isolates from BCO birds that type as S. agnetis, but many field isolates are only typed as Staphylococcus coagulase positive or coagulase negative. There have been numerous reports of S. aureus in poultry BCO (Butterworth et al., 2001; Daum et al., 1990; Devriese et al., 1972; Lowder et al., 2009) , including human isolates that appear to have "jumped" to poultry (Lowder et al., 2009) . We have tested a human isolate of S. aureus in water administration to broilers reared on wire with no induction of BCO (data not shown), so it appears that other genetic determinants are necessary for adaptation to poultry. The wire flooring model for studying BCO was employed for several years on our research farm before the investigation of what species could be isolated. Therefore, it is possible that intensive induction of high levels of BCO lameness over several years selected for development of a pathogen highly suited to this model. One concern is the source of the bacterium and what the reservoir is for infection of subsequent flocks. We have routinely used two different facilities and review of the incidence of lameness in the control birds on wire with no bacterial drinking water challenge reveals marked variation from experiment to experiment. Final incidence of lameness for the unchallenged birds on wire ranged from 15% for the experiment in Figure 2 to 70% for the experiments in Figures 1 and 5 . The final incidence of lameness with administration of a bacterial challenge to birds on wire is far less variable (50 to 80%). The isolates of S. agnetis we have recovered from BCO birds, in the absence of direct administration, all have similar plasmid profiles and next generation sequence surveys of genome diversity indicate little genetic polymorphism between isolates (data not shown). Therefore, we hypothesize that our repeated experiments over many years resulted in a clonal expansion of a pathogen selected from the environment through repeated passage. Variability of baseline incidence without specific challenge could relate to prevalence of the particular pathogenic Staphylococci, or when the first significant bird infection reaches a point where the pathogen is disseminated to pen-mates. More recently we have experimental data that the challenged birds can disseminate the pathogen through aerosols within a facility (unpublished) . Therefore, it may not be surprising that we have seen a dramatic rise in our control birds when we are administering the bacterial challenge within the same facility. The experiments for Figures 2 through 5 were conducted using pens inside individual environmental chambers within a building, whereas for Figure 6 the pens were within one big room in a research building. It will be critical to control for airborne dissemination to the control pens for future experiments. That S. agnetis has not been reported in commercial flocks only suggests that we have used repeated induction of high incidences of lameness to select for a highly pathogenic Staphylococcus. Through repeated induction of lameness other pathogens are possible through creation of a suitable "hot zone". This may likely approximate commercial growers, in that growers report "hot buildings" with higher incidence of lameness. Outbreaks of pathogenic Staphylococcus have been reported in poultry (Lowder et al., 2009 ). If we can better elucidate the parameters for translocation of Staphylococcus into the blood and colonization of the rapidly dividing growth plate of the long bones of the leg, then we should be able to develop strategies for reducing lameness in the absence of antibiotics and improve overall flock welfare.
